The effect of a single intravenous injection of lead nitrate on liver, was investigated in male Wistar rats. Lead nitrate at 5 and 10 pmoles/100 g of body weight stimulated a 19-fold increase in the incorporation of 'H-thymidine into liver DNA and resulted in temporal changes in DNA synthesis, as determined by assays of specific activity. Thirty-six hours after lead nitrate administration, the incorporation of 'H-thyrnidine reached its maximum and returned to normal levels within 3 days. A significant increase in the number of cells entering mitosis at 36 hours indicated the capacity of lead to stimulate liver cell proliferation. Enlargement of the Kver after lead treatment was also observed in both female Wistar rats as well in male Fischer rats. This stimulatory effect of lead on liver growth was reversible; during the involution of the liver, cell death morphologically similar to the one described as apoptosis was observed in histological sections of liver from animals sacrificed 4-7 days after lead treatment.
INTRODUCTION
Liver cells of adult rats have a very low proliferative rate. However, they can be stimulated to divide under several conditions: a) active cell proliferation which can be observed after partial hepatectomy or b) after cell necrosis following the administration of hepatotoxicants. In addition, liver growth can be induced by several non-necrogenic compounds (I). Recently, we have shown that a single dose of lead, an ubiquitous environmental pollutant, administered as. lead nitrate, is able to stimulate cell prolifera!ion in the liver of male Wistar rats (2) . A mitogenic effect of lead after repeated treatment was also observed (3).
In the present paper, we report the results Prcsentcd at the Second International Symposium Sponsored by the Universities of Sassari and Cagliari. Session IV: of studies on the dose-effect of lead nitrate on DNA replication in rat liver of male Wistar rats. Temporal changes in DNA synthesis following the administration of 5 pmoles/100 g of body weight of lead nitrate were monitored. The effect of lead nitrate on liver growth in both sexes and two strains of rats was also studied. In addition, the influence of another heavy metal, cadmium nitrate, on the incorporation of labeled thymidine into hepatic DNA, is described. Preliminary studies on the regression of the liver after the initial hyperplasia caused by lead are also presented.
METt iODS
Male M'istar rats 180-200 gwere used. Lead nitrate, lead acetate and cadmium nitrate (Carlo Erba, Milano, Italy) dissolved in distilled water were injected intravenously at the doses indicated in the tables. Specific activity of hepatic DNA was determined by the procedure previously described (2 
RESULTS

Dose-Effect of Lead
Nitrate on DNA Synthesis. Our earlier findings (2) have shown that a single dose of 10 pmoles/100 g of body weight of lead nitrate causes a n increase in the relative liver weight accompanied hy an enhancement in. the incorporation of 31i-thymidine into hepatic DNA, with a peak at 36 hours. In order to evaluate dose effects of lead on DNA synthesis, the specific activity of DNA after various doses of lead was studied one hour following a pulse dose of labeled thymidine at 35 hours. The results.given in table I show that maximal stimulation was reached after a dose of 5 pmoles/100 g of body weight. N o increase was observed when a lower dose of lead nitrate was used. No apparent toxicity was seen in the animals irrespectively of the dose used.
Temporal Changes in Liver DNA Synthesis After u Single Dose of h a d Nitrate. The spe- cific activity of DNA at various time intervals after injection of 5 pmoles per 100 g of body weight is given in Figure 1 . An increase of labeling activity was observed at 24 hours after injection of lead. The maximal incorporation of thymidine was seen at 36 hours; at this time interval, the mean of specific activity of DNA was approximately 19 times greater than the mean for the control liver. The rate of 31i-thymidine incorporation fell rapidly at 48 hours after lead administration; a return to control values was observed at 3 days after the lead injection. Since it may be argued that the increase in the specific activity of DNA could be the result of unscheduled DNA synthesis following lead-induced DNA damage, autoradiographic studies were performed. As shown in Figure 2 , numerous heavy labeled riuclei were found 36 hours after lead administration, thus clearly indicating that the enhanced specific activity of DNA is a consequence of replicative rather than repair synthesis of DNA. Effect of Lead Nitrute on Liver Cell Mitosis: In order to further characterize the effect of lead nitrate on liver cell proliferation, the number of cells in mitosis was determined 36 hours after lead administration. The mitotic index was 0.2% in parenchymal cells of untreated rats. Following lead administration, a dramatic increase in the mitotic index of hepatocptes was observed. At this time point, the total number of hepatocytes in mitosis was 4.6%. Mitotic figures were found scattered throughout the liver (Fig. 3) . The appearance of mitotic figures after lead treatment was not due to compensatory cell proliferation following necrosis. Indeed, the histologic analysis did not reveal cell necrosis. The absence of cell death prior to mitosis was confirmed by the fact that no elevation of S-GPT levels could be observed ( Table 11) .
Effect of Lead Nitrate on Rats of Different Sex und Strain: Liver growth after a single dose of lead nitrate was studied in male and female M'istar rats. The results showed induction of liver groivth in both sexes. A significant increase in relative liver weight \vas also observed in male F-344 rats killed 72 hours after lead nitrate treatment ( Table 111 ). The inducing effect on liver growth was not due to the chemical form of the salt used; indeed, a single injection of lead acetate was found to produce more than 70% increased liver weight when the animals were killed 3 days after lead administration. Vol. 12, No. 1, 1984 LIVER HYPERPLASIA AND LEAD NITRATE Effect of Cadmium Nitrate on 3H-thymidine Incorporation Into Liver DNA: Having shown that lead is able to enhance liver growth and increase specific activity of liver DNA, our further aim was to investigate whether or not other heavy metals could exert the same effect. T h e results indicate that a single administration of cadmium nitrate also induces Lead nitrate was injected intravenously at a dose of 5 prnoles/lOO g body weight. Groups of 5 animals were sacrificed at various time intervals. 'Values represent mean f S.E. liver growth and DNA synthesis. A 6-fold increase in the 3H-thymidine incorporation into hepatic DNA was observed 24 hours after cadmium treatment (Table IV ). The specific activity of DNA was still higher than that of controls at 3 days after cadmium inje.qtion. Since cadmium has been shown to be' necrogenic for the liver in other conditions (4), the values of S-GPT were studied at various time intervals after treatment. The results showed no increase detectable at any time point. Further experiments are in progress to determine whether the enhancement in 3Hthymidine incorporation is followed by a mitotic wave.
Regression of f he Liver Following Lead-In-duced Hyperplasia: Our earlier findings (2) have shown that the liver weight of rats treated with 10 pmoles/100 g of body weight of lead nitrate, regressed rapidly towards control values after an initial increase during the first 4 days. Liver DNA content also followed the same trend. During the regression of the lead-induced liver hyperplasia towards normal values, we did not observe any morphological sign of characteristic cell necrosis. In addition, no elevation of transaminase levels was detected. However, the morphology of the hepatic parenchyma showed numerous scattered membrane-bounded vesicles, containing cytoplasm and sometimes nuclear fragments (Figure 4) . Such morphological appearance resembles that process of cell loss described as shrinkage necrosis (5) and, more recently, apoptosis (6) . The disappearance of this process occurred within 15 days after lead administration, at a time when the liver weight has returned to control values.
DISCUSSION
In the present study we have shown that a single injection of 5 pmoles/100 g of body weight of lead nitrate is able tostimulate liver cell proliferation in the absence of cell necrosis, as confirmed by biochemical analysis as well as histologic examination. Thus, the stimulation of liver growth induced by lead should be considered to be an adaptive hy- 0.1 (+38'/0) --Four t o five rats per group were treated with lead nitrate or lead acetate at the doses indicated. Animals were killed 48 hours after treatment with 5 pmoles/100 g body weight of lead or 72 hours after treatment with 10 pmoles/100 g body weight.
Relative liver weight expressed as liver weight per 100 g of body weight. Numbers in parentheses represent t h e percentage of increase over control values. perplastic response rather than a compensatory cell regeneration following extensive parenchymal necrosis.
Liver growth can be induced by several compounds such as phenobarbital, cyproterone acetate, cu-hexachlorocyclohexane, hypolipidernic agents (1) . Since most liver mitogens have been shown to increase the activity of the mixed function oxidases scy'stem (MFOS), the growth of the liver has b6en considered an adaptive response to an increased functional load (7) . On the other hand, lead is known to severely inhibit MFOS (8, 9) . Therefore, a different mechanism may operate as far as the lead-induced hyperplasia is concerned. Recently, several authors have proposed that a stimulation .of cholesterol synthesis is closely associated with cell pro-liferation in different systems (10, 11) and an intermediate in cholesterol synthesis, mevalonic acid, has been proposed to be responsible for the induction of DNA synthesis (12) . Inhibition of mevalonic acid synthesis also results in a drop of synthetic activity of DNA (13). Recent findings (14) , have shown that a single dose of lead nitrate produces an increase in cholesterol synthesis which precedes the induction of labeled thymidine into hepatic DNA, thus suggesting that a possible mechanism for the induction of liver hyperplasia caused by lead can be due to its capacity of enhancing cholesterol synthesis. A more detailed discussion on this aspect is presented in a paper by Pani et al. (15) .
Our results also show that the stimulatory effect of lead on liver growth is not d u e to the chemical form of the salt used since lead acetate produced the same increase of liver weight as that observed after lead nitrate. Moreover, both sexes of Wistar and Fischer 344, also respond to the inducing effect of a single dose of lead nitrate. It is possible that other species (e.g. mice) could respond differently to the hyperplastic effect of lead, explaining the conflicting results obtained by Choie and Richter (16) .
The stimulatory effect of lead on liver growth and DNA snythesis was found to be reversible. The same phenomenon was observed in previous studies (2) . A regression of liver mass and hepatic DNA content within ii few days has been observed after withdrawal of other inducers of liver growth (17-19) . HoIvever, the cause of this phenomenon has not yet b e e n . elucidated. Recently, Schulte-Hermann et .al. (20) , proposed that the disappearance of excess liver DNA after cessation of liver mitogenic treatment could be due to a mechanism of controlled cell death; a particular type of cell death also observed in other organs, and defined as apoptosis (6) . During the regression of the lead-induced liver hyperplasia, the occurrence of vesicles containing cytoplasmic and nuclear material was observed under light microscopy. The morphological aspect of these vesicles is similar to the one described for apoptotic bodies in liver as well as in other organs. The fact that i) the appearance of apoptotic bodies is maximal during the involution of the liver, ii) no cell necrosis could be detected under light microscopy, and iii) no increase in transaminases could be observed, suggests that apoptosis may account for the rapid disappearance of the excess liver DNA.
Apoptotic bodies can also be observed puring the growth of liver nodules stimulated,b\y three different promoting regimens (Columbano, Ledda-Columbano and Sarma, unpublished observations). However, their relevance to the carcinogenic process in liver is not known at present. The finding that lead nitrate induces DNA synthesis and liver cell proliferation after a single dose as well as after repeated treatment (2, 3) . together with its capacity of inducing in vitro neoplastic transformation (21) , raises the possibility that prolonged treatment with lead can exert influences on the carcinogenic process in the liver.
